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SUMMARY
Peroxiredoxins (PRDXs) are abundant peroxidases present in all kingdoms of life. Recently, they have been
shown to also carry out additional roles as molecular chaperones. To address this emerging supplementary
function, this review focuses on structural studies of 2-Cys PRDX systems exhibiting chaperone activity. We
provide a detailed understanding of the current knowledge of structural determinants underlying the chap-
erone function of PRDXs. Specifically, we describe the mechanisms which may modulate their quaternary
structure to facilitate interactions with client proteins and how they are coordinated with the functions of
othermolecular chaperones. Following an overview of PRDXmolecular architecture, we outline structural de-
tails of the presently best-characterized peroxiredoxins exhibiting chaperone function and highlight common
denominators. Finally, we discuss the remarkable structural similarities between 2-Cys PRDXs, small HSPs,
and J-domain-independent Hsp40 holdases in terms of their functions and dynamic equilibria between low-
and high-molecular-weight oligomers.INTRODUCTION
Peroxiredoxins (PRDXs) are highly abundant ubiquitous peroxi-
dases expressed at various intracellular locations in organisms
from all biological kingdoms (Harper et al., 2017). Recent studies
have revealed a large range of crucial auxiliary functions for
PRDXs (Angelucci et al., 2013; Barranco-Medina et al., 2009;
Bodvard et al., 2017; Castro et al., 2011; Hanzen et al., 2016;
Jang et al., 2004; Molin et al., 2011; Moon et al., 2005; Neumann
et al., 2009; Roger et al., 2020; Teixeira et al., 2015), including key
roles as cellular regulators of cysteine-based redox signaling
(Roger et al., 2020; Stocker et al., 2018) and as molecular chap-
erones (Hanzen et al., 2016; Teixeira et al., 2019). Peroxiredoxins
thus contribute to cellular well-being in at least three comple-
mentary ways: managing reactive oxygen species (ROS),
controlling ROS signaling, and preventing protein aggregate
accumulation. Understanding the molecular details of these
diverse sets of functions requires a detailed structural under-
standing of PRDXs.
Herein, we focus on structural aspects of the typical 2-Cys
PRDXs and on structure-function relationships underlying their
chaperone function—features still poorly characterized and
only partially understood. Within this sub-class of PRDXs the
basic active unit is a dimer that, during the catalytic cycle, is
linked by disulfide bonds between two catalytically cysteines,
CP on one protomer and CR of the adjacent protomer (Flohe
and Harris, 2007).640 Structure 29, July 1, 2021 ª 2021 The Author(s). Published by El
This is an open access article under the CC BY license (http://creativeWe highlight the current understanding of structure-function
relationships in 2-Cys PRDXs at atomic resolution. Furthermore,
we discuss the so far best characterized cases of PRDXs chap-
erone function and draw attention to the striking similarities
between PRDXs, small HSPs (heat shock proteins), and J-
domain-independent Hsp40 holdases, a feature we propose re-
lates to the fundamental basis of PRDX chaperone function.
Finally, we provide an outlook on important questions to be ad-
dressed in the future in this highly dynamic research field. For
more general overviews of the functional aspects of the different
PRDX families as well as their respective structural features, we
refer the reader to several excellent reviews (Cho et al., 2010;
Flohe and Harris, 2007; Hall et al., 2009; Karplus and Hall,
2007; Rhee, 2016; Rhee et al., 2005, 2007; Wood et al., 2003b).
GENERAL CHARACTERISTICS OF MOLECULAR
CHAPERONES
To ensure the integrity and function of the proteome, all living
cells have to control the protein folding process, i.e., the self-as-
sembly of an unfolded polypeptide chain into its functional three-
dimensional conformation (Anfinsen, 1973; Balchin et al., 2016;
Hartl et al., 2011; Kim et al., 2013; Mayer and Bukau, 2005).
Within the cellular context, specific proteins guide the unfolded
polypeptide toward its native functional state—they chaperone
them. Molecular chaperones generally prevent aggregation by
interacting with clients through unfolded and exposedsevier Ltd.
commons.org/licenses/by/4.0/).
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ones only guide the transition of the client toward its folded
form, without being a component of the functional client. Chap-
erones form a vast cellular network of diverse proteins accompa-
nying and supporting newly synthesized proteins on their path to
their functional state or their sub-cellular environment (Balchin
et al., 2016; Hartl et al., 2011; Mayer and Bukau, 2005).
Members of the molecular chaperone family are known as
heat shock proteins (HSPs), as they are upregulated under
cellular stress conditions to cope with increasing concentrations
of aggregation-prone folding intermediates. Many chaperones
convert the energy released by ATP hydrolysis to switch be-
tween different functional states and exert force on their clients
(foldases), whereas others can fulfill their functions in an ATP-in-
dependent manner (holdases) (Balchin et al., 2016; Hartl et al.,
2011). Holdases bind unfolded and partially folded clients for suf-
ficient time to prevent them from aggregating (Burmann and Hill-
er, 2015; Saibil, 2013). Whereas their functions are ATP indepen-
dent, they may be combined with chaperones mediating ATP
hydrolysis in some complexes, as for example, in the Hsp70/
Hsp40 system. On a structural level holdase chaperone function
is intimately connected to oligomerization (Haslbeck and Vierl-
ing, 2015; Haslbeck et al., 2019; Mogk et al., 2019). Changes
in oligomeric states have together with order to disorder transi-
tions, been shown to be important for client interactions of hol-
dase chaperones (Mas et al., 2020). In the case of small HSPs,
oligomerization has been hypothesized to maintain chaperone-
active monomers in an inactive storage form, insensitive to
aggregation and ready to be released upon specific stimuli (Al-
derson et al., 2019; Haslbeck et al., 1999). Among the ‘‘foldase’’
chaperones the Hsp70s, which enable folding of client proteins
together with their obligate J-protein/Hsp40 co-chaperones,
can be found as well as chaperonins (Hsp60s, GroEL/ES in
E. coli), which act as folding chambers formed by one or multiple
ring structures (Balchin et al., 2016; Hartl et al., 2011; Saibil,
2013). Hsp70s use an ATPase cycle to bind and release clients.
In the ATP-bound state, substrates can access the substrate-
binding domain of the Hsp70s, whereas both substrate binding
and theHsp40 J-domain stimulate ATP hydrolysis resulting in cli-
ents being trapped and partially unfolded. Specific nucleotide-
exchange factors subsequently reinstate ATP in the nucleo-
tide-binding domain upon which clients may be released and
enabled to fold correctly. The best understood function of the
J-proteins (Hsp40s) is their role in regulating the Hsp70
ATPase cycle (Craig and Marszalek, 2017). Through the ability
of the J-domain to stimulate the weak intrinsic ATPase activity
of the Hsp70s, J-proteins are involved in a wide variety of
Hsp70-dependent chaperone functions in protein folding, trans-
port, and degradation (Balchin et al., 2016; Hartl et al., 2011).
Due to the disordered nature of unfolded or partially folded cli-
ents, substrates need to be bound in a highly dynamic fashion, a
fact that has prevented structural characterization of their sub-
strate-binding mechanisms for a long time (Burmann and Hiller,
2015; Burmann et al., 2013; Jiang et al., 2019; Morgado et al.,
2017; Sekhar et al., 2018). In particular, details on how chaper-
ones recognize their clients, in which conformational states the
clients bind to chaperones, and how clients are subsequently
released, are lacking, although protein denaturation and
unfolded states seem to be a common theme (Hiller, 2021).Nevertheless, using solution NMR, it was proposed that the
E. coli holdase chaperones Spy, SurA, and Skp, interact with
substrates through locally ‘‘frustrated’’ structural segments or
amino acids where movements to minimize the free energy of
contact between residues are hampered by mobility constraints
(Ferreiro et al., 2014; He and Hiller, 2019). Locally frustrated seg-
ments of the client are thought to be recognized by suitable, but
biochemically diverse, sequence-unspecific interaction surfaces
in the chaperones and client-chaperone interactions are thought
to stabilize such client segments. In this way, chaperones adapt
to their substrate in a structural and dynamical manner (Burmann
and Hiller, 2015).
STRUCTURAL TRANSITIONS IN THE PEROXIREDOXIN
PEROXIDASE CATALYTIC CYCLE
The peroxiredoxin catalytic cycle consists of three main steps. In
the peroxidation step, the peroxide reacts with the enzyme in its
compact fully folded (FF) state, oxidizing the peroxidatic cysteine
CP to a sulfenic acid (CP-SOH) (Figure 1A). Whereas PRDXs obli-
gately assemble into homodimers, reduced dimers preferentially
oligomerize into decamers, a feature that has been noted to in-
crease H2O2 reactivity (Nelson et al., 2018). The resolution step
is needed to regenerate the reduced protein (Figure 1A). Within
the FF state the active site is buried inside a hydrophobic pocket.
Therefore, local unfolding of helix a2 containing the active site is
necessary to expose the Cp (LU state) in order for the resolving
cysteine CR from the other subunit of the dimer to react with CP
and form a disulfide bond (Figure 1B). Recent studies suggest
that the unfolding of the active site is facilitated by CP sulfenyla-
tion (CP-SOH) (Kriznik et al., 2020). Resolution leads to the for-
mation of two disulfide bonds linking the two CP residues within
one monomer to the CR residues in the adjacent monomer in the
dimer (Figure 1B). This re-arrangement is accompanied by the
dissociation of decamers into dimers (Chae et al., 1994; Rhee
et al., 2005). The last step is called recycling and involves regen-
eration of the PRDX into the reduced FF state by the Trx/TrxR/
NADPH system (Hall et al., 2009). Upon local unfolding of the
protein, the CP becomes more accessible for further peroxide
molecules to react, possibly leading to hyperoxidation of the
CP to sulfinic (CP-SO2H) or sulfonic (CP-SO3H) acids, which inac-
tivates peroxidase activity. However, the ATP-dependent sulfinic
acid reductase enzyme sulfiredoxin (Srx) may reduce the sulfinic
acid (CP-SO2H), but not the sulfonic acid (CP-SO3H), enabling the
PRDX to re-enter the catalytic cycle (Biteau, 2003; Jeong et al.,
2012; Jonsson et al., 2005; Rhee et al., 2007; Yang et al.,
2002). The Karplus and Poole labs crystallized the first bacterial
PRDX, AhpC (Wood et al., 2003a, 2003b), subsequently serving
as a blue-print for structural studies of other PRDXs. The crystal
structure of a homodimer of AhpC was reported first (PDB:
1HYU), whereas an initial version of a ring-shaped decamer
(PDB: 1KYG, subsequently updated to 1YEP) was subsequently
depicted at 2.5 Å resolution, both in the FF and the LU states
involved in different stages of peroxidase catalysis (Figures 1A
and 1B) (Parsonage et al., 2005; Wood et al., 2002). In a
follow-up, the structure of a StAhpCC46S mutant was crystallized
(PDB: 1N8J), revealing the resistance of bacterial PRDXs to hy-
peroxidation in comparison with eukaryotic 2-Cys PRDXs
(Wood et al., 2003a, 2003b). Furthermore, two conserved motifsStructure 29, July 1, 2021 641






























































Figure 1. Structural details of the catalytic cycle of 2-Cys PRDXs
(A) Catalytic cycle of 2-Cys PRDXs. A peroxide molecule oxidizes Cys-SP into Cys-SPOH. The sulfenic acid SPOH subsequently reacts with Cys-SH of another
PRDX protomer forming a disulfide bond. Both subunits of PRDX contribute to the dimer assembly by providing either the CP or the CR to one of the active sites.
This dimer can be reduced by the Trx/TrxR/NADPH system for regeneration. In eukaryotes, Cys-SPOH may easily react with another H2O2 molecule forming a
sulfinic acid Cys-SPO2H resulting in the inactivation of peroxidase activity and the formation of HMW assemblies. This inactivation can be reversed by the Srx
enzyme, or lead to the irreversible hyperoxidation to sulfonic acid Cys-CPO3H. Homodimers are colored in cyan and teal, respectively.
(B) AhpC in its FF state (PDB: 4XRD), LU-SH state (PDB: 4XS1) with local unfolding of a2, and LU-SS state (PDB: 1YEP). The peroxidatic cysteine (CP) and resolving
cysteine (CR) are labeled as well as the helix a2, which transitions to a partially unfolded state enabling the formation of a disulfide between the two cysteine residues.
(C) Prx1-Srx complex (PDB: 2RII) with one sulfiredoxin molecule (pink surface) binding to a dimer of PrxI via a disulfide bond between Cys99 (Srx) and
Cys52 (Prx1).
(D) Model of the structure of 10 Srx molecules (pink and light ochre) interacting with a 2-Cys PRDX decamer (homodimers in light blue and teal) (Jonsson et al.,
2008). Figure reproduced and modified with permission from the authors and Nature Publishing Group (CC, 2021).
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sensitivity to oxidation (GGLG and YF motifs) were identified
(Wadley et al., 2016; Wood et al., 2003a, 2003b). Interestingly,
a recent study on the yeast PRDX Tsa1 found the sensitivity to
hyperoxidation not to be linked to the resolution step as ex-
pected, but to instead depend on the rates of two competing re-
actions: the structural transitions from the FF to the LU state as
well as the oxidation to the sulfenic acid form (Kriznik
et al., 2020).
In the StAhpC enzyme, Thr77Ile or Thr88Asp mutations
disrupt the decameric assembly, whereas a Thr77Val mutant
enhanced its stability (PDB: 1YF1, 1YEP, 1YF0, 1YEX). Subse-
quently, the effects of several point mutations located near the
active site were evaluated by investigating the local structural
re-arrangements imposed (PDB: 4XTS, 4XRA, 4XRD, 4XS1,
4XS4, 5UKA). This way, structural features of the FF state of
AhpC, as well as the two distinct LU states (SH and S-S), could
be discerned and correlated to catalytic efficiency (Figure 1B)
(Nelson et al., 2018). As the hyperoxidized form of 2-Cys
PRDXs exists as a stable decamer with the active site buried,
it remained unclear how Srx could access the sulfinic acid moi-
ety. The structural details of ATP-dependent binding to the hu-
man PrxI-Srx complex (PDB: 2RII) (Figure 1C) (Jonsson et al.,
2005, 2008) revealed the complete unfolding of the PRDX C ter-
minus and its unexpected packing onto the backside of Srx
pointing away from the active site (Figure 1C) (Jonsson et al.,
2008). Furthermore, modeling of the PrxI complex with ATP-
bound Srx indicated that Asp187 of PrxI contacts Srx cata-
lyzing ATP hydrolysis as well as the formation of a sulfinic
acid phosphoryl ester. To understand how Srx interacts with
the higher-order assemblies of PRDXs, a model of the decame-
ric Prx1-Srx complex was generated (Figure 1D). The addition
of ten Srx molecules expanded the toroid diameter (from
110 to 125 Å) and thickness (from 45 to 55 Å), suggesting
that the binding of one or two Srx molecules to Prx1 decamers
destabilizes PRDX-PRDX interactions in higher-order oligomers
and thus effectively leads to their dissociation into dimers
(Jonsson et al., 2008).
OVERVIEW OF STRUCTURAL INVESTIGATIONS ON
HIGH-MOLECULAR-WEIGHT PRDXs SYSTEMS
In their seminal review from 2007 Karplus and Hall stated:
‘‘Structural studies since the first peroxiredoxin structure was
determined in 1998 (Choi et al., 1998), have produced 35 crystal
structures of wild type and mutant peroxiredoxins with at least
one representative structure from each of the five major evolu-
tionary subfamilies of PRDXs’’ (Karplus and Hall, 2007). The field
has gained a remarkable momentum in the last two decades, as
in 2020 the number of published crystal structures of PRDXs
reached >3,000 PDB entries, reflecting the divergence and
importance of this large class of proteins. Analyzing the available
structures reveals that only about 3% (90) represent higher-order
oligomeric species (decameric states or larger). These large mo-
lecular assemblies lie at the core of the PRDX chaperone func-
tion, indicating a general lack of available structural information
for this important functional feature, especially in terms of chap-
erone-client interactions as so far only a single structure was re-
ported with a bound client (Table 1).The first crystal structure of a high-molecular-weight (HMW) 2-
Cys PRDX, at 1.7 Å resolution, established that the third most
abundant protein found in red blood cells, Prx2 (TPx-B [Moore
et al., 1991]), adopts a decameric toroid structure (Schröder
et al., 2000) (Figure 2A). The decamer is formed by five homo-
dimers linked via weak hydrophobic interactions through the A
type dimer-dimer interfaces where the monomers interact near
their helix a3 (Figure 2A) (Schröder et al., 1999, 2000). Following
this pioneering study, a number of PRDXs from a variety of or-
ganisms have been studied using crystallography. In fact, a first
study on Prx2 using negative stain EM data was published by
Harris already in the 1960s (Harris, 1969). Despite the severely
limited EM resolution at the time, the authors could still identify
both ring-shaped decamers and stacked toroid-shaped rings
of this PRDX system through transmission electron microscopy
(TEM) and further characterization by crystallography (Harris,
1969; Harris et al., 2001).
For PRDXs from the archaea Aeropyrum pernix K1 and Pyro-
coccus horikoshii OT3, numerous crystal structures of decame-
ric states oxidized to different extents, in complex with a
peroxide substrate or of mutant enzymes have been reported
(Table 1) (Himiyama et al., 2019; Nakamura et al., 2006, 2008,
2010, 2013, 2017). In plants, lately two typical 2-Cys PRDXs,
from Chlamydomonas reinhardtii and Arabidopsis thaliana,
have been shown to preferentially exist in ring-shaped decame-
ric forms, composed of pentamers of dimers (PDB: 6J13; 5ZTE)
(Charoenwattanasatien et al., 2018; Yang et al., 2018).
STRUCTURAL DETERMINANTS OF PRDX
OLIGOMERIZATION
Next, we first discuss structural determinants of PRDX oligomer-
ization in two of the most well-studied systems to better prepare
for the ensuing deliberation of structural determinants of chap-
erone activity (see oligomerization and dissociation of chap-
erone-active PRDXs below).
Prx2 from erythrocytes
Despite the fact that the Prx2 structure was originally character-
ized as a toroidal shaped protein, it was subsequently shown to
exist in an equilibrium of decamers and dimers in solution (Harris,
1968; Schröder et al., 1999). The decameric state structure re-
vealed the first insights into its three-dimensional ring-shaped
assembly (Figure 2A) (Schröder et al., 2000). The peroxidatic
cysteine Cys51 is in a hyperoxidized, sulfinic acid form, corre-
sponding to an inactive FF state of the protein (PDB: 1QMV)
(Figure 2A) since the second catalytic cysteine residue,
Cys172, resides 15 Å away from Cys51 and is unable to from
the disulfide bond necessary for enzyme recycling (Figure 2A).
Hyperoxidation of Cys51 allows the formation of a stable deca-
mer, possibly further stabilized by a salt bridge between the sul-
finic acid group of Cys51 and Arg127 (Figure 2A) (Wood et al.,
2003a, 2003b). The oligomeric state of Prx2 was recently inves-
tigated in real time in cellulo using a technique based on the För-
ster resonance energy transfer (FRET) called homo-FRET
(Pastor-Flores et al., 2020). Remarkably, a fusion protein of
Prx2 and the fluorescent protein mCerulean exhibited polariza-
tion properties compatible with a mainly decameric assembly
in vivo. Interestingly, complete dimerization of the enzymeStructure 29, July 1, 2021 643
Table 1. Summary of the HMW PRDXs structures listed in the PDB
PDB ID Reference Peroxiredoxin system Oligomeric state Resolution (Å)
PDB: 6KHX Li et al. (2020) PRDX from Akkermansia muciniphila homo-10-mer 2.58
PDB: 6J13 Charoenwattanasatien et al. (2020) PRDX from Chlamydomonas reinhardtii homo-10-mer 2.4
PDB: 6Q5V Stroobants et al. (2019) SiPRDX from Sulfolobus islandicus homo-10-mer 2.7
PDB: 6ITZ Himiyama et al. (2019) PRDX from Thermococcus kodakaraensis
and Pyrococcus horikoshii
homo-12-mer 2.96
PDB: 6IU0 homo-12-mer 2.38
PDB: 6IU1 homo-10-mer 2.89
PDB: 6E0Fa
PDB: 6E0Ga
Teixeira et al. (2019) mitochondrial PRDX from Leishmania
infantum free and bound state with
luciferase
homo-10-mer 3.7
PDB: 5OVQ Liu et al. (2018) AhpC2 from the hyperthermophilic bacteria
Aquifex aeolicus
homo-12-mer 1.8
PDB: 5ZTE Yang et al. (2018) PrxAC119S from Arabidopsis thaliana homo-10-mer 2.6
PDB: 5XBR Nakamura et al. (2017) peroxiredoxin from Pyrococcus horikoshii homo-12-mer 2.1
PDB: 5IJT Bolduc et al. (2018) hPrx2 oxidized state homo-10-mer 2.2
PDB: 5Y63 Pan et al. (2018) EfAhpC from Enterococcus faecalis homo-10-mer 2.9
PDB: 5JCG
PDB: 5UCX
hPrx3 and hPrx3Ser78Cys as three
stacked rings
homo-12-mer 2.4




PDB: 4L0U Gretes and Karplus (2013) Prx1a from Plasmodium vivax homo-10-mer 2.5






PDB: 5DVB Nielsen et al. (2016) Tsa2 from Saccharomyces cerevisiae in the
native state and the disulfide state
homo-10-mer 2.2
PDB: 5EPT 5.0




PDB: 4RQX Parker et al. (2015) hPrx4 with MESNA homo-10-mer 2.3
PDB: 4O5R Dip et al. (2014b) AhpC from E. coli homo-10-mer 3.3
PDB: 4QL7 Dip et al. (2014a) C-terminal truncated AhpC1-172 and
AhpC1-182 from E. coli
homo-10-mer 3.8
PDB: 4QL9 3.4
PDB: 4KB3 https://doi.org/10.2210/pdb4KB3/pdb mitochondrial PRDX from Leishmania
braziliensis
homo-10-mer 2.9
PDB: 4K1F Brindisi et al. (2015) tryparedoxin peroxidase I from Leishmania
major LmTXNPx
homo-10-mer 2.3




PDB: 4LLR Pineyro et al. (2005) tryparedoxin peroxidase from
Trypanosoma cruzi in the reduced state
homo-10-mer 2.8
PDB: 3ZL5 Saccoccia et al. (2012) SmPrxICys48Ser and SmPrxICys48Pro homo-10-mer 2.49
PDB: 3ZLP 3.52
PDB: 3VWU Sato et al. (2013) Prx4 from Mus musculus homo-10-mer 3.3
PDB: 4FH8 Nguyen et al. (2013) Prx1 from Ancylostoma ceylanicum and the




PDB: 3W6G Nakamura et al. (2013) PRDX from anaerobic hyperthermophilic
archaeon Pyrococcus horikoshii
homo 20-mer 2.25
PDB: 3TUE Fiorillo et al. (2012) tryparedoxin Prx1 from Leishmania major homo-10-mer 3
(Continued on next page)
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Table 1. Continued
PDB ID Reference Peroxiredoxin system Oligomeric state Resolution (Å)
PDB: 3SBC Tairum et al. (2012) Tsa1Cys47Ser from
Saccharomyces cerevisiae
homo-10-mer 2.8
PDB: 3ZVJ Saccoccia et al. (2012) LMW and HMW SmPrxI homo-20-mer 3
PDB: 3ZTL homo-10-mer 3
PDB: 3QPM https://doi.org/10.2210/pdb3QPM/pdb Prx4 from Pseudosciaena crocea homo-10-mer 1.9
PDB: 3TJB Cao et al. (2011) hPrx4 WT, hPrx4Cys51Ala, and


















Nakamura et al. (2010) PRDXCys207Ser from Aeropyrum pernix






PDB: 3EMP Nelson et al. (2008) S-acetanilide modified form of
StAhpCCys165Ser
homo-10-mer 4
PDB: 2ZCT Nakamura et al. (2008) PRDXCys207Ser from Aeropyrum pernix






PDB: 2Z9S Matsumura et al. (2008) rat HBP23/PRDXICys52Ser homo-10-mer 2.9
PDB: 2PN8 https://doi.org/10.2210/pdb2PN8/pdb hPrx4 homo-10-mer 1.8
PDB: 2H66 Vedadi et al. (2007), https://doi.org/10.
2210/pdb2I81/pdb




PDB: 1X0R Nakamura et al. (2008) thioredoxin peroxidase from Aeropyrum
pernix K1
homo-10-mer 2
PDB: 1ZOF Papinutto et al. (2005) AhpC from Helicobacter pylori homo-10-mer 2.95
PDB: 1ZYE Cao et al. (2005) bovine mitochondrial Prx3 homo-24-mer 3.3
PDB: 1YEP StAhpC WT and 3 different mutants









PDB: 2BMX Guimaraes et al. (2005) AhpC from Mycobacterium tuberculosis homo-12-mer 2.4
PDB: 1WE0 Kitano et al. (2005) AhpC from Amphibacillus xylanus homo-10-mer 2.9
PDB: 1N8J Wood et al. (2003) StAhpCCys46Ser homo-10-mer 2.17
PDB: 1E2Y Alphey et al. (2000) tryparedoxin peroxidase from Crithidia
fasciculata
homo-10-mer 3.2
PDB: 1QMV Schroder et al. (2000) thioredoxin peroxidase B (TPx-B) from red
blood cells
homo-10-mer 1.7
aStructure solved by single-particle EM.
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bond formation, suggesting that intermolecular disulfide bond
formation in one or two dimers within the decamer is sufficient
to trigger complete decamer dissociation into dimers. Uponelevated H2O2 levels and hyperoxidation, shifts in fluorescence
polarization support decamer stacking (Pastor-Flores et al.,
2020). Based on negative stained TEM images a ‘‘cage’’ struc-
ture dodecahedron of human Prx2 consisting of 12 decamersStructure 29, July 1, 2021 645
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Figure 2. Structural features of 2-Cys Prx oligomer HMW assemblies
(A) Visualization of the toroidal decamer of Prx2 solved by X-ray crystallography, with a particular focus on the distance between the hyperoxidized peroxidatic
Cys51 (CP-SO2H) and the resolving Cys172, as well as the Cys51-Arg127 interaction (right panels). The dimer-dimer A interfaces are indicated by the broken line
(orange). Cysteine residues are shown as spheres and colored according to heteroatoms (PDB: 1QMV).
(B) Reconstructed images of the PRDX dodecahedron assembly in its ‘‘cage’’ structure obtained from single-particle TEMmicrographs with a medium resolution
of 16 Å, with 2-, 3-, and 5-fold symmetry axes. Images produced by U. Meissner and kindly provided by J.R. Harris (Meissner et al., 2007).
(C) The cogwheel ring model adopted by the 2-Cys PRDX SmPRX1. Visualization of the different interfaces formed between the stacked decamers (R interface,
black) and homodimers (A and B interfaces in orange and magenta). a2 and a6 helices create a negatively charged patch interacting with positively charged
residues on the opposing interface to stabilize the double decameric architecture forming the R interface. The cogwheel architecture derives from the interaction
of b2 strands of two opposing subunits by additional polar contacts surrounding this interface. Monomer units are colored in black and dark cyan in the two
decameric rings, respectively. Helices a2 and a6, as well as the b2 strand, are outlined within the structure. Rotations between individual views and the 18
 twist of
the assembled two decameric rings are indicated. Figure adapted and extended from Saccoccia et al. (2012) (PDB: 3ZVJ) with permission (CC, 2021).
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Importantly, even though in vivo confirmation of the existence
of this HMW structure still remains elusive, hyperoxidation has
been noted to foster the formation of stable and compact deca-
meric species (Perkins et al., 2015).
HsPrx3
The structural determinants underlying multimerization of the hu-
man mitochondrial 2-Cys HsPrx3, which under acidic conditions
isdecoupled from its redoxstate,were studiedusingcryoelectron
microscopy (cryo-EM) (PDB: toroidal oligomers 5JCG, filaments
5UCX). The first high-resolution structure of this protein by sin-
gle-particle analysis of TEM images and under acidic conditions
(pH4) revealed dodecameric assemblies in the formof long, high-
ly ordered nanotubes (Phillips et al., 2014). The stacking of the646 Structure 29, July 1, 2021individual dodecamers depended on hydrogen bonds between
the a2/a6 helices, as well as the b2 strand (see the corresponding
structural featureswithinSmPrxI in Figure 2C). Furthermore, theC
terminus was suggested to control the switch between peroxi-
dase and holdase activity, a feature initially proposed by Saccoc-
cia et al. (2012) forSmPrxI. InHsPrx3, the partially folded C termi-
nus provides an additional hydrophobic surface, enabling the
stacking of individual dodecamers, whereas forSmPrxI the C ter-
minus seems to be unfolded allowing the decamer-decamer
interaction (Radjainia et al., 2015;Saccoccia et al., 2012). Thecor-
relation between the distribution of hydrophobic surfaces of
different model HMW PRDXs and increased holdase function,
suggests that exposed hydrophobic surfaces play an important
role in their chaperone activities (Angelucci et al., 2013; Radjainia
et al., 2015). In HsPrx3 HMW helical filaments were detected at
Figure 3. Proposed chaperone network of
Tsa1
Sequential recruitment of the peroxiredoxin Tsa1
and the chaperones Hsp70 and Hsp104 to mis-
folded proteins followed by Tsa1 dissociation, which
is triggered by the ATP-dependent peroxiredoxin
sulfinic acid reductase Srx1 to allow aggregate
resolution. Adapted and modified from Hanzen et al.
(2016), with permission from the authors and the
Elsevier publishing group.
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formations, an LU state under acidic conditions and an FF state
under basic conditions, suggesting that HsPrx3 HMW maintains
catalytic activity in the filamentous structure. The main differ-
ences between both states lies in the structure of the C terminus,
being in an FF state under basic conditions, whereas an LU state
dominates at low pH, enabling additional electrostatic interac-
tions at the R interface. The clustering of HsPrx3 was hypothe-
sized to constitute proof of its self-associating chaperoneactivity,
providing a protective mechanism against protein aggregation in
the crowded mitochondrial environment.
OLIGOMERIZATION AND DISSOCIATION OF
CHAPERONE-ACTIVE PRDXs
In this section we discuss molecular determinants of PRDX
chaperone function in the three best-understood examples so
far, namely Tsa1 from S. cerevisiae, PrxI from S. mansoni, and
mTXNP from L. infantum.
S. cerevisiae Tsa1
The ability of 2-Cys PRDXs to inhibit protein aggregation in vitro
was initially described for the S. cerevisiae Tsa1 enzyme (Jang
et al., 2004). Notably, expression of Tsa1 in a deletion strain lack-
ing both Tsa1/Tsa2 also improved the ability of cells to survive
heat shock (Janget al., 2004). Furthermore, either thehyperoxida-
tionof thecatalytic cysteineor heat shockacting independently of
enzyme oxidation, resulted in a reversible structural switch of
Tsa1 from low-molecular-weight (LMW) to HMW complexes
in vivo (Jang et al., 2004),. The inherent chaperone activitycorrelated directlywith two factors: enzyme
multimerization and the exposure of hydro-
phobic segments (Jang et al., 2004; Nielsen
et al., 2016; Tairum et al., 2012, 2016). Tsa1
multimerization upon H2O2 addition is
linked to the degree of enzyme sulfinylation
(Jang et al., 2004) and in vivo chaperone-
active Tsa1 attains a size compatible with
double decamerization (Noichri et al.,
2015). Also irreversible oxidation of the CP
to SO3H leads to multimerization into dou-
ble decameric ring structures and stimu-
lated Tsa1 chaperone activity (Lim et al.,
2008). Evidence that chaperone-active
Tsa1 interactswith othermolecular chaper-
ones in vivo comes from the observation
that the main cytosolic Hsp70 molecular
chaperones (Ssa1/2 inS. cerevisiae) requireTsa1 tobind toaggregatesboth inagedcells anduponH2O2addi-
tion (Figure 3) (Hanzen et al., 2016). The recruitment of Hsp70 re-
quires Tsa1 hyperoxidation and correlates with the formation of
HMW assemblies (Noichri et al., 2015). Remarkably, efficient
in vivo aggregate resolution requires both Tsa1 sulfinic acid
reduction by Srx1, as well as interplay with Hsp70 and the disag-
gregase Hsp104, in a sequential manner (Figure 3) (Hanzen et al.,
2016). Interestingly, thekey roleofSrx1 in resolvingH2O2-induced
aggregates appears to be accompanied by inactivation of one of
the main cytosolic Hsp40s, Ydj1, a type I zinc finger containing
Hsp40 (Brandes et al., 2011; Choi et al., 2006; Hanzen et al.,
2016), but not the type II Hsp40Sis1 lacking the cysteine-contain-
ing zinc finger domain (Hanzen et al., 2016). In contrast, Ydj1 is
absolutely essential for the resolution of aggregates formed
upon heat shock.
Furthermore, the key role of Tsa1 in Hsp70/Hsp104 substrate
binding upon H2O2 addition seems distinct from the roles of
certain sHsps. The S. cerevisiae sHspHsp26 has been proposed
tomaintain small-size aggregates, thus providing increased sub-
strate accessibility for Hsp70, but also to partially compete with
Hsp70 for substrate binding (Zwirowski et al., 2017). In this re-
gard, the in vivo Tsa1 chaperone function upon H2O2 stress re-
sembles that of cellular aggregate sorting factors, such as the
sHsp Hsp42, in facilitating the formation of distinctly localized
cellular protein inclusions that were proposed to counteract
Hsp70 overload upon proteostatic dysfunction (Ho et al.,
2019). However, Hsp42 inclusions formed independently of
Tsa1 upon H2O2 addition (Hanzen et al., 2016), suggesting that
the proteins perform independent functions in protein quality











Figure 4. Cryo-EM structures of decameric mTXNPx from Leishmania infantum
The structures of mTXNPx in its free (A) and bound state (B) obtained, respectively, with 2.9 and 3.7 Å resolution with luciferase as the client protein (PDB: free
mTXNPx 6E0G, luciferase boundmTXNPx 6E0F). N-Terminal residues Gln31-Thr35 shown docked into the mTXNPxred:luciferase map extending to form an inner
ring distinct from the larger decamer structure (C). Adapted from Teixeira et al., (2019) with permission from the authors and Nature Publishing Group (CC, 2021).
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The human parasite Schistosoma mansoni expresses a single 2-
Cys PRDX that, upon hyperoxidation by H2O2, as well as under
acidic conditions, forms double decameric structures (Table 1,
PDB: HMW state 3ZVJ; LMW state 3ZTL) (Saccoccia et al.,
2012). Under acidic conditions (pH 4.2) chaperone-active SmPrxI
almostcompletely oligomerizes intodoubledecamers (Saccoccia
et al., 2012).Comparisonwith the reducedenzyme reveals that the
a2/a6 helices facilitate decameric stacking, creating an interface
between the two rings (the R interface), whereas the contacts be-
tween b2 strands of two opposing subunits surrounding this inter-
face leads to a characteristic cogwheel architecture (Figure 2C).
Theenzyme interactswithcitrate synthase throughhydrophobic
patchesexposeduponunfoldingof theC terminusand thea2helix,
bearing the peroxidatic cysteine, in one of the two decamers. Mu-
tants destabilizing helix a2 and thus increasing the exposure of the
active site hydrophobic patch (either lacking the C terminus or
Cys48Pro/Cys48Asp substitutions) showed increased holdase
activity. Similarly, hyperoxidation into SO2H/SO3H increased
chaperone activity, correlating with the destabilization and partial
unwinding of the a2 helix (Saccoccia et al., 2012). Low pH, hyper-
oxidation, and high protein concentrations induced the formation
of an HMW state of SmPrxI exhibiting enhanced holdase activity.
However, an SmPrxICys48Ser mutant constitutively assembling
into double decamers is almost completely devoid of chaperone
activity (Angelucci et al., 2013), suggesting that double decameri-
zation is not sufficient for this activity. Instead, the ability to
undergoconformationalchangesappears tobemandatory forhol-
dase activity. This hypothesis is further supported by the observa-
tion that hyperoxidized SmPrxI, which elutes as a mixture of
different conformers, including double decamers and lower-mo-
lecular-weight assemblies upon size-exclusion chromatography,
exhibits increased chaperone activity compared with the enzyme
under acidic conditions, upon which the enzyme almost exclu-
sively assembles into double decamer structures.
L. infantum mTXNP
The mammalian parasite Leishmania infantum expresses a
typical 2-Cys PRDX within its mitochondria, mTXNP, that has648 Structure 29, July 1, 2021been shown to be essential for virulence (Castro et al., 2011).
This enzyme shares with other 2-Cys PRDXs the pentamer of di-
mers overall architecture, but appears to exhibit a chaperone ac-
tivity restricted to its decameric, reduced form Teixeira et al.
(2015, 2019). In contrast, in its dimeric, oxidized state, mTXNP
neither inhibits aggregation nor is capable of maintaining client
proteins in a folding-competent state (Castro et al., 2011; Teix-
eira et al., 2015). Furthermore, the expression of mTXNP in an
E. coli chaperone-deficient rpoH mutant strain reduced protein
aggregation, in agreement with the enzyme exhibiting an
inherent chaperone function in vivo. EM-negative stain micro-
graphs indicate that unfolded luciferase binds mTXNP within
the center of its decameric ring (Figures 4A and 4B; Table 1) in
a manner reminiscent of substrate encapsulation by chapero-
nins, such as GroEL. Subsequently, single-particle cryo-EM re-
vealed contacts between the flexible N terminus of mTXNP,
forming an inner ring, and unfolded luciferase (Figures 4B and
4C). In vitro and in vivo crosslinking experiments of recombi-
nantly expressed mTXNP indicated additional residues at the
dimer-dimer interface contacting the unfolded luciferase. Intrigu-
ingly, several of these residues are normally buried within the
structure, and therefore not directly accessible to client proteins,
indicating structural re-arrangements within the dimer-dimer
interface. Therefore, dissociation might destabilize the hydro-
phobic dimer-dimer interface facilitating the exposure of binding
sites for unfolded client proteins, in agreement with crosslinking
experiments that supported enzyme dissociation into dimers
upon heat shock (Teixeira et al., 2019). This behavior is strongly
reminiscent of sHsps and J-domain-independent holdase activ-
ities of Hsp40 chaperones, which are the focus of the next
section.
SMALL HSPs AND J-DOMAIN-INDEPENDENT HSP40
HOLDASES AS BLUEPRINTS FOR THE PRDX
CHAPERONE FUNCTION
Small HSPs
sHSPs are ATP-independent chaperones existing in a range





Figure 5. Hsp27 dimeric and higher-order
oligomeric structural arrangements
Visualization of the core domain of dimeric Hsp27
and the formation of the inter-dimer disulfide bond
occurring at the b sheet interface (visible in red)
between residues Cys137 during oxidation of the
chaperone (A), and its suggested structural
arrangement into a globular 24-mer assembly during
its thermally induced self-association, as observed
for human aB-crystallin (fit into EMmap, EMD-1776)
(B). In the structural model, the 24-mer possesses a
central cavity, surrounded by flexible N-terminal
residues. The empty central cavity visible here on
the EMmapmay be due to missing electron density.
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From their LMW monomeric state, ranging from 12 to 43 kDa,
these proteins can assemble into large supramolecular assem-
blies up to 400 kDa, in the form of highly ordered spherical
cage-like structures (Mogk et al., 2019; White et al., 2006).
Functionally, they can be characterized as holdase chaper-
ones, as they are devoid of ATP-driven refolding functions
(Haslbeck et al., 2019). Several sHSPs (aB-crystallin, Hsp26,
Hsp27, Hsp22, and HspB2) exhibit temperature-dependent
chaperone properties by preventing the aggregation of distinct
target proteins (Bakthisaran et al., 2015). For instance,
S. cerevisiae Hsp26 forms an inactive 24-mer complex at
normal temperature that, upon heat shock, dissociates into
chaperone-active dimeric structures (Haslbeck et al., 1999).
Upon unfolding, Hsp26 exposes hydrophobic regions that are
thought to bind non-native client proteins. Intriguingly, a cryo-
EM study of Hsp26 revealed two distinct populations—a
compact and an extended state—consisting of 24 subunits ar-
ranged in a porous shell with tetrahedral symmetry, reminiscent
of the reconstructions of dodecahedrons for Prx2 (Meissner
et al., 2007; White et al., 2006). PRDXs have also been pro-
posed to unfold upon chaperone activation, although not to a
similar extent (Voth and Jakob, 2017). On the contrary, Hsp27
undergoes thermally induced self-association, leading to oligo-
merization of the protein, correlating with an enhanced chap-
erone activity (Lelj-Garolla and Mauk, 2006). Finally, HspB2
transitions into a molten globule-like state at increased temper-
ature, with a compact core formed of stable secondary struc-
ture elements but a partially unfolded tertiary structure, coupled
to increased chaperone-like activity (Prabhu et al., 2012).
Earlier studies indicated that the chaperone activity of sHSPs
can be improved by using low concentrations of denaturing
chaotropic agents (urea, GdHCl) inducing a molten globule
state (Das and Liang, 1997; Raman and Rao, 1994).Structurally, sHSPs are composed of
disordered termini as well as an approxi-
mately 100-residue so-called a-crystallin
domain, a highly conserved feature shared
by all sHSPs (Jehle et al., 2009) (Figure 5).
Shortly after the major a-crystallin protein
reported in 1992 (Horwitz, 1992), bovine
aB-crystallin and murine Hsp25 were also
reported to exhibit chaperone activity (Ja-
kob et al., 1993). Later, the isolated a-crys-
tallin domain of aB-crystallin was shown toretain full chaperone activity in vitro (Jehle et al., 2009). However,
more recent evidence pin point the importance of all three
different sHsp domains in chaperoning different substrates
(Haslbeck and Vierling, 2015;Mainz et al., 2015). Crystallography
and solid-state NMR studies demonstrated that the aB-crystallin
core readily dimerizes, forming a central antiparallel b sheet, a
building block for the subsequent formation of higher-order olig-
omers, both features reminiscent of the typical 2-Cys PRDXs
(Figure 5A) (Baldwin et al., 2012). A combination of techniques
helped elucidate a symmetrical 24-mer oligomer structure of
aB-crystallin (Figure 5B) (Jehle et al., 2011; Peschek et al.,
2009). Different parts of the aB-crystallin protein are responsible
for its multimerization, with the N-terminal domain facilitating the
higher-order assembly, similar to mTXNP employing its unfolded
N terminus for client binding within the central inner cavity
(Chuang et al., 2006), whereas the SmPrxI C terminus stabilizes
decamer-decamer stacking (Angelucci et al., 2013; Saccoccia
et al., 2012; Teixeira et al., 2019). Despite its polydispersity and
inherent dynamics, a detailed understanding of how molecular
motions govern aB-crystallin oligomeric distribution and, there-
fore, its function has been achieved (reviewed in Delbecq and
Klevit, 2013; Hochberg and Benesch, 2014).
Hsp27 exhibits a redox-linked functional switch linked to par-
tial unfolding of the a-crystallin domain inducing increased dy-
namics at the dimer interface (Figure 5A) (Alderson et al.,
2019). Whereas Hsp27 easily assembles into oligomers, mono-
mers formed upon reduction have been found to enhance chap-
erone activity in vitro, a feature coupled to an increased self-ag-
gregation propensity (Alderson et al., 2019). Remarkably, the
reduction of double decameric chaperone-active hyperoxidized
Tsa1 by the ATP-dependent Srx1 into dimers was shown to be
necessary for efficient in vivo aggregate resolution (Hanzen
et al., 2016; Noichri et al., 2015), pointing to further structural
and functional similarities between PRDXs and sHSPs.Structure 29, July 1, 2021 649
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and the C-terminally truncated, sulfinylation-deficient Tsa1DYF,
constitutively assembled into the double decamer form while re-
maining chaperone inactive (Noichri et al., 2015). This suggests
that the ability to switch between LMWandHMW forms is crucial
for in vivo Tsa1 chaperone activity.
However, whereas the ability of Hsp27 to disperse into free
monomers and its chaperone activity were linked to the reduc-
tion of disulfide-linked monomers, the dissociation of Tsa1 dou-
ble decamers appears to be linked to enzyme desulfinylation. If
the former is presumably linked to the action of thioredoxins,
the latter is ATP dependent and involves the reduction of the sul-
finylated double decamer by Srx1.
Taken together, the monomerization of the molecular chap-
erone Hsp27, therefore also its function, is regulated by redox
state in a remarkably similar manner, as described for PRDXs,
through an inter-dimer disulfide bond. Notably, Hsp27 chap-
erone function correlates with an increase in the local concentra-
tion of free monomers. The situation is less clear for the PRDXs,
with most of the characterized enzymes showing an enhanced
chaperone activity upon multimerization into HMW assemblies,
whereas other PRDXs rely on dissociation of oligomeric forms
into dimers (Hanzen et al., 2016; Noichri et al., 2015; Teixeira
et al., 2015).
J-domain-independent Hsp40 holdases
It is becoming increasingly clear that several J-proteins, both of
the zinc finger domain containing (class I) and lacking (class II)
types, also carry out J-domain-independent chaperone func-
tions (Ajit Tamadaddi and Sahi, 2016; Craig and Marszalek,
2017). Of the former, the yeast class I J-protein and general
Hsp70 co-chaperone, Ydj1, has been known for quite some
time to inhibit rhodanese aggregation independently of the J-
domain through a holdase-like activity (Jiang et al., 2019; Lu
and Cyr, 1998). Of the class II Hsp40s, the human DnaJB6b has
attracted special attention due to its potent, J-domain-indepen-
dent ability to suppress amyloid aggregate formation in vivo
and in vitro (Gillis et al., 2013; Mansson et al., 2014a, 2014b).
Many J-proteins assemble into homodimeric structures (Craig
and Marszalek, 2017; Soderberg et al., 2018). However, recent
structural and functional studies of DnaJB6b and of its isolated
C-terminal substrate-binding and oligomerization domain sup-
port a polydisperse structural arrangement into monomers,
dimers, and oligomers (%40-mers) and a key role of a serine-
and threonine-rich domain immediately preceding theC terminus
in its interactions with substrate, in controlling reversible oligo-
merization as well as in the inhibition of amyloid-b aggregation
(Karamanos et al., 2020; Soderberg et al., 2018). Different
Hsp40s seem to employ slightly dissimilar modes of substrate
interaction (Jiang et al., 2019) and much is still to learn regarding
the structural determinants of the J-domain-independent hol-
dase activities of the Hsp40s. Nevertheless, the fact that the
DnaJB6b example showcases another Hsp70-coupled, ATP-in-
dependent chaperone mechanism resembling that employed by
the PRDXs, underscores the importance of dynamic oligomeriza-
tion and dissociation in chaperone holdase function and pin-
points the need to clarify the roles of PRDX dimers, and
potentially monomers, in peroxiredoxin chaperone function.
Future detailed studies are certainlywarranted to improve our un-650 Structure 29, July 1, 2021derstanding of molecular and structural determinants exhibited
by the chaperone activity of the enigmatic peroxiredoxins.OUTLOOK
The recent revolution in single-particle cryo-EM has already pro-
vided novel opportunities for in-depth structural characterization
of HMW PRDXs. Through solving the entire structure of supra-
molecular biological entities directly in their native environment,
unprecedented details on their conformation and orientation
were acquired, as recently pioneered by Teixeira et al., (2019)
on the mTXNP peroxiredoxin system, and several other studies
on related HMW peroxiredoxin assemblies. Since structures
are determined under conditions closer to physiology than those
solved by X-ray crystallography, cryo-EM also holds great prom-
ise for applications in structure-based drug design.
Following the initial characterization of the functional switches
linked to the chaperone activity of PRDXs, we can expect further
crucial insight related to interactions with different substrates in
the near future illuminating their role as molecular chaperones.
The latest improvements in NMR techniques may be expected
to pave the way for structural and especially dynamical studies
of such HMW complexes at atomic resolution in the way that
NMR spectroscopy has lately driven the progress in the under-
standing of chaperone-client complexes.ACKNOWLEDGMENTS
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